Diacylhydrazines are the first non-steroidal ecdysone agonists, and five compounds are 17 used as insecticides in agriculture. After the discovery of diacylhydrazine-type 18 compounds, numerous non-steroidal structures were reported as ecdysone agonists. 19
2009
). In our present study, we synthesized 18 imidazothiadiazole-type compounds and 23 confirmed the chemical structures by spectrometric analyses. The binding activity of the 24 synthesized compounds to the ecdysone receptor was evaluated in terms of the 25 concentration required for 50% inhibition of [ 3 
H]ponasterone A incorporation [IC 50 (M)] 26
into lepidopteran (Sf-9), coleopteran (BCRL-Lepd-SL1), and dipteran (NIAS-AeAl2) 27 cells.
6-(2-Chlorophenyl)-2-(trifluoro-methyl)imidazo[2,1-b] 28 [1, 3, 4 ]-thiadiazolyl-5-yl)acrylamide analogs with -CONHR (secondary amide) were 29 very potent against Sf-9 cells, but further alkylation (tertiary amide: -CONR 2 ) decreased 30 the activity dramatically. Additionally, a primary amide analog (-CONH 2 ) was inactive. 31
The activity also decreased 150-fold by the saturation of olefin region of the acrylamide 32 moiety. In addition, various substituents were introduced at the 2-position of the 33 imidazothiadiazole ring to disclose the physicochemical properties of the substituents 34 which are important for receptor binding. The activity increased by 7500-fold with the 35 introduction of the CF 2 CF 2 CF 3 group compared to the unsubstituted compound against 36
Sf-9 cells. Quantitative structure-activity relationship analysis for these substituents 37
indicated that hydrophobic and electron-withdrawing groups were favorable for binding. 38
Some of the compounds with strong receptor binding activity showed good larvicidal 39 activity against Spodoptera litura. In contrast, the binding affinity of imidazothiadiazole 40 analogs was low or not observed against dipteran and coleopteran cells. 41 8 mixture of 2-amino-5-(trifluoromethyl)-1,3,4-thiadiazole (19.2 g, 114 mmol) and 159 2-chlorophenacyl bromide (33.4 g, ca. 120 mmol) in ethanol (170 mL) was refluxed 160 overnight. The mixture was then cooled in a freezer. The resulting crystalline solid was 161 filtered off, washed with cold ethanol, and dried in vacuo to yield a pale yellow solid 162 (19.3 g, 56%). 1 Other imidazothiadiazole analogs with CF 2 CF 3 , CF 2 CF 2 CF 3 , H, CH 3 , and SCH 3 were 166 synthesized in a similar manner as above. 167 168 ii) 6-(2-Chlorophenyl)-2-(trifluoromethyl)imidazo [2,1-b] [1, 3, 4] thiadiazole -5-carbalde-169 hyde (Step b) : Under an argon atmosphere, phosphoryl chloride (3.9 mL, 43 mmol) was 170 added dropwise to anhydrous DMF (20 mL) at 0°C and stirred for 5 min. To this was 171 added 6-(2-chlorophenyl)-2-(trifluoromethyl)imidazo [2,1-b] [1, 3, 4] thiadiazole (3.91 g, 172 13 mmol) in anhydrous DMF (15 mL) , and the mixture was heated to 70°C and stirred 173 overnight. It was poured into ice-water (100 mL), neutralized with saturated aqueous 174 Na 2 CO 3 solution and then extracted with toluene (1×100 mL, 2×50 mL). The combined 175 organic layer was washed with water (3×100 mL) and brine (100 mL), and dried over 176 anhydrous MgSO 4 . The solvent was evaporated and the crude product was purified by 177 flash column chromatography (hexane/ethyl acetate = 95:5 -50:50) to yield a pale yellow 178 solid (2.91 g, 68%). 1 Other imidazothiadiazole-5-carbaldehyde analogs with CF 2 CF 3 , CF 2 CF 2 CF 3 , H, CH 3 , 181 and SCH 3 were synthesized in a similar manner as above. 182 [1, 3, 4] Other (imidazothiadiazol-5-yl)acrylic acid analogs with CF 2 CF 3 , CF 2 CF 2 CF 3 , H, CH 3 , 194 and SCH 3 were synthesized in a similar manner as above. [1, 3, 4] thiadiazol-5-yl) 203 acrylamide (1): Oxalyl chloride (0.17 mL, 2.0 mmol) was added to the suspension of 204 [1, 3, 4] thiadiazol-5-yl)acry-205 lic acid (377 mg, 1.0 mmol) in CH 2 Cl 2 (5 mL) containing one drop of DMF. After the gas 206 evolution ceased, the mixture was refluxed for 2 hours. After cooling, the solvent was 207 evaporated to give the crude acid chloride. This was dissolved in CH 2 Cl 2 (5 mL), and then 208 added dropwise to vigorously stirred aqueous NH 3 solution (28%, 5 mL) at 0ºC. The 209 mixture was stirred at room temperature overnight. It was diluted with water (30 mL) and 210 extracted with CH 2 Cl 2 (3×30 mL). The combined organic layer was washed with water 211 (50 mL) and brine (50 mL), and dried over anhydrous Na 2 SO 4 . The solvent was 212 evaporated and the crude product was recrystallized from ethyl acetate/hexane to give a 213 white solid (276 mg, 73%). Mp: 232-234°C. 1 [1, 3, 4] [1, 3, 4] [1, 3, 4] 164.6 ppm; due to 13 C-19 F coupling, the signals of the perfluoropropyl group were so 310 weak that it was difficult to detect those signals and their coupling patterns. 19 (13) : Mp: 229-230°C. 1 [1, 3, 4] thiadiazol-5-yl)-344 N-isopropylacrylamide (14) : Compound 13 (394 mg, 1.0 mmol) was dissolved in CH 2 Cl 2 345 (5 mL) and cooled to 0ºC. To this was added the solution of m-chloroperbenzoic acid 346 (70%, 246 mg, 1.0 mmol) in CH 2 Cl 2 (5 mL) within 30 min and the mixture was stirred at 347 room temperature overnight. The reaction was quenched by adding saturated aqueous 348 Na 2 CO 3 solution (5 mL). The organic layer was washed with saturated aqueous Na 2 CO 3 349 solution (5 mL) and brine (5mL), and dried over anhydrous Na 2 (15) : Compound 13 (398 mg, 1.0 mmol) was dissolved in 361 THF/MeOH/water (1:1:1, 15 mL) and cooled to 0ºC. Oxone ® (1.84 g, 3.0 mmol) was 362 slowly added to the solution and the mixture was stirred at 0ºC for 5 min and at room 363 temperature overnight. After largely evaporating the solvent, the mixture was diluted 364 with water (20 mL) and extracted with CH 2 Cl 2 (1×10 mL, 2×5 mL). The combined 365 organic layer was washed with water (10 mL) and brine (10 mL), and dried over 366 anhydrous Na 2 SO 4 . The solvent was evaporated and the crude product was purified by 367 flash column chromatography (hexane/ethyl acetate = 3:7) to yield a pale yellow solid 368 (340 mg, 79%). This was further recrystallized from CHCl 3 /hexane to afford pale yellow 369 crystals, which were used for the bioassays. Mp: 247-249°C. 1 respectively. RH-5849 and tebufenozide were from our stock samples. All insect cells are 470 cultured in our laboratory. Originally, Sf-9 cell line was kindly gifted from Wakenyaku 471
Co., Ltd. (Kyoto, Japan), NIAS-AeAl2 was given from NIAS Genebank (Tsukuba, 472 Japan) [14] , and BCIRL-Lepd-SL1 was kindly gifted from Dr. Cynthia Goodman 473 (USDA-ARS, Columbia, MO, USA) [15] . 474
The ligand binding assay using insect cells was performed as previously reported [16, 475 17] . In brief, insect cell suspension (400 L; 2 -3 × 10 6 cells/mL) was incubated with 476
DMSO solution of a test compound (1 L) and 70% EtOH solution of [ 3 H]PonA (2 L; 477
ca. 60,000 dpm) at 25ºC for 30 min. The mixture was diluted with water (3 mL) and 478 filtered through a glass filter GF-75 (ADVANTEC, Tokyo, Japan). The filter was washed 479 2 times with water (3 mL), dried, and placed in a vial containing 3 mL of Insta-Gel Plus 480 (PerkinElmer, Inc., Waltham, MA, USA) to measure the radioactivity with a LSC-6100 481 liquid scintillation counter (Aloka, Tokyo, Japan). The concentration required for 50% 482 inhibiton of [ 3 H]PonA binding (IC 50 ) was determined by probit analysis [18] , and its 483 reciprocal logarithm, pIC 50 , was used as the index of binding activity. 484 485
Larvicidal activity test 486
Spodoptera litura was kindly provided from Ishihara Sangyo Kaisha, Ltd. 487 (Kusatsu, Japan). Twenty 3 rd instar larvae were put in the glass petri dish with paper filter. 488
DMSO solution of a test compound (1 L) was applied on the dorsal part of larvae. They 489 were reared in an insectary at 25ºC. Insecta LFS (Nosan Corporation Life-Tech 490 Department, Yokohama, Japan) was used to feed larvae. After one week rearing, the 491 mortality was measured, and 50% lethal dose (LD 50 ) was determined by probit 492 analysis [18] . Its reciprocal logarithm, pLD 50 , was used as the index of larvicidal activity. 493 494 20
QSAR analysis 495
In order to examine the effect of the substituents at 2-position of the 496 imidazothiadiazole ring, the Hansch-Fujita QSAR analysis was performed using QREG 497 2.05 [19] . ClogP values of synthesized chemicals, which were shown in Table 1 , were 498 calculated by ClogP for Windows Ver. 4.0 (Biobyte Corp., Claremont, CA, USA). In all 499 equations, the number in parentheses are 95% confidence intervals of each coefficient, n 500 is the number of compounds used to analyze, s is the standard deviation, and r is the 501 correlation coefficient, and F is the value of ratio between regression and residual 502 variances. 503 504
Receptor modeling and ligand-receptor docking 505
Since no 3-D structure of Spodoptera frugiperda EcR (SfEcR) is available, we 506 constructed a 3-D structure model of the ligand binding domain (LBD) of SfEcR from the 507 X-ray structure of Lepidopteran EcR using a homology modeling software PDFAMS 508 (In-Silico Sciences Inc., Tokyo, Japan) [20] . We combined two partial primary sequences 509 of SfEcR (NCBI accession number: AAM54494 and CAD58232) [21, 22] to construct the 510 primary sequence of SfEcR-LBD. At present four X-ray structures of Lepidopteran EcR 511 bound to different ligands, namely, PonA (PDB ID: 1R1K) [23] , 20E (2R40) [24] , a 512 DAH-type agonist BYI06830 (1R20) [23] and an imidazole-type agonist BYI08346 513 (3IXP), are available. We used 1R1K, 1R20 and 3IXP as the templates for homology 514 modeling because the shapes of the ligand binding pockets (LBP) are different among 515 them. Thus, we obtained three homology models of SfEcR, which were stored as 516 complexes with PonA, BYI06830 or BYI08346 in order to compare the binding modes. 517
Ligand-receptor docking was conducted using OMEGA (ver. 2.5.1.4) [25] and 518
OEDocking (ver. 3.0.1) of Openeye Co. Ltd. (Santa Fe, NM, USA; 519 http://www.eyesopen.com). First, the LBPs of the SfEcR homology models were defined 520 using "MAKE RECEPTOR" tool of OEDocking. Next, the mol2 file of ITD (10) was 521 processed with OMEGA to generate the conformer libraries. Generated conformers are 522 aligned in the order of ascending energy and low energy conformers (maximum: 200) 523
were compiled into a single file as a conformer library. Finally, these conformers were 524
docked to the LBPs of SfEcR using "FRED" [26] tool of OEDocking. FRED uses 525
Chemgauss4 scoring function, and this function ranks each binding mode in terms of 526 shape interactions, hydrogen bonding interactions, metal-chelator interactions, and 527 desolvation. The binding modes which gave the highest Chemgauss4 scores towards each 528
LBPs of SfEcR were shown in Fig. 4 . 529 530 3. Results 531
Synthesis 532
ITDs were synthesized according to a previously described method with some 533 modifications [27] . 2-Amino-1,3,4-thiadiazoles bearing CF 3 , CF 2 CF 3 , and CF 2 CF 2 CF 3 534 groups were prepared using a reported method [28] . 535 2-Amino-5-(methylthio)-1,3,4-thiadiazole was also prepared according to a modified 536 method described in the literature [29] . Formation of the imidazo[2,1-b] [1, 3, 4] thiadiazole Lawesson's reagent. Vinyl sulfonamide 18 was then synthesized in three steps. First, the 552 intermediate aldehyde was subjected to the modified Horner-Wittig reaction [30] to 553 afford the N-Boc vinyl sulfonamide with complete E selectivity. Use of LiCl and DBU 554
[31] rather than strong bases was essential for preventing product degradation. Next, 555 N-Boc vinyl sulfonamide was alkylated at the acidic NH group through the Mitsunobu 556 reaction, and then Boc protecting group was removed by TFA to yield vinyl sulfonamide 557 18. 558 559
Ligand binding activity 560
The biological activities of various ITD analogs are summarized in Table 1 . In 561 terms of the inhibition of [ 3 H]PonA incorporation to Sf-9 cells, compound 1 with the 562 primary acrylamide moiety at the 5-position of the imidazothiadiazole ring was inactive. 563
However, secondary amides with i-Pr (2), c-Bu (3), and c-Hex (4) were very potent. IC 50 564 values of these compounds were approximately 10-20 nM, which was 10-20 times more 565 potent than the natural molting hormone 20E (IC 50 = 200 nM). The Ph analog (5) was less 566 potent than the alkyl analogs (2-4) among secondary amides, but equipotent to 20E (19) . 567
Further alkylation (tertiary acrylamide: 6-8) drastically decreased the activity. 568
Conversion of the oxygen atom of the amide moiety to a sulfur atom (thioamide: 17) did 569 not have a large impact on activity, but saturation of the olefin moiety (16) Next, the substituent effect at the 2-position of the imidazothiadiazole ring was 576 examined for CF 2 CF 3 (9), CF 2 CF 2 CF 3 (10), H (11), CH 3 (12) , SCH 3 (13), S(=O)CH 3 (14) , 577 and SO 2 CH 3 (15) . By introducing strong electron withdrawing fluorinated alkyl groups 578 such as CF 3 , CF 2 CF 3 , and CF 2 CF 2 CF 3 , the activity dramatically increased (more than 579 1000-fold compared to unsubstituted compound 11). Other electron withdrawing groups 580 containing a sulfur atom such as S(=O)CH 3 and SO 2 CH 3 did not enhance the activity. The 581 SCH 3 group enhanced the activity by 300-fold, although its electronic properties were 582 equivalent to H in terms of Hammett. The electron-donating CH 3 group increased the 583 activity by only 5-fold. Among TDI congeners, compound 10 showed the highest activity, 584 which was 3-fold higher than that of PonA and only 3-fold less potent than tebufenozide 585 in the binding assay against Sf-9 cells. The structure-activity relationship is summarized 586 in Fig. 3 . The binding assay was also performed using other insect cell lines, including 592
Colorado potato beetle cells (BCIRL-Lepd-SL) and Asian tiger mosquito cells 593 (NIAS-AeAl2). As shown in Table 1 , a few compounds showed moderate activity against 594 mosquito cells, but most compounds were weak or inactive against these cells. 595
Compound 9 was 2.5-fold more potent than tebufenozide against NIAS-AeAl2, while it 596 was approximately 30-fold less potent than PonA. 597 598
Larvicidal activity 599
Larvicidal activity of the synthesized compounds was measured against S. litura, 600 which is shown in Table 1 . The pLD 50 values of compounds 2 and 9 were determined to 601 be 5.16 and 5.03, respectively, which were approximately 1/20 of tebufenozide, but 602 5-fold more toxic than RH-5849. 603 604
QSAR analysis 605
As shown in Table 1 , activity was enhanced by introducing substituents at the 606 substituents at this position are favorable for the ligand-receptor binding. 719 720 Acknowledgement 721
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